1. Introduction {#sec1}
===============

Melatonin (*N*-acetyl-5-methoxytryptamine, MLT) is synthesized and secreted by the pineal gland. Its secretion is considered to be a reliable and predictable marker of the central pacemaker\'s circadian phase \[[@r1], [@r2]\], which is controlled through a multisynaptic pathway originating from the suprachiasmatic nucleus (SCN) \[[@r3]\]. In healthy individuals, the duration of MLT secretion is a faithful representation of the period of darkness \[[@r4]\] and is thought to influence the circadian clock reciprocally through feedback to MLT receptors in the SCN \[[@r5]\]. Although the exact role of endogenous MLT in humans is unclear \[[@r6]\], pharmacological administration of supraphysiological doses of MLT during discrete time windows has been shown to phase-shift the circadian clock and potentially promote sleep and help with various other sleep disorders, such as jet lag, sleep problems related to shift work, and some sleep disorders in children and the elderly \[[@r7]\]. It has also been shown to be helpful for a sleep dysfunction that causes changes in sleep and wake times of blind people.

In the recent years, we have developed new oral MLT delivery systems suitable for treating sleep onset and sleep maintenance problems \[[@r8]-[@r13]\]. We have especially focused on modified versus immediate release tablet formulations, because MLT is known to be more clinically useful in initiating and maintaining sleep in elderly insomniacs, compared with immediate release or conventional therapy \[[@r14]\].

In this report, we communicate our findings on the *in vitro* modified release characteristics of MLT, in aqueous media (pH 1.2 and 6.8), from hard gelatin and DRcaps^TM^ capsules loaded with electrospun nanofiber matrices \[[@r15]\] incorporating MLT.

Fibrous nanomaterials have gained significant attention in the last years due to their unique properties allowing for a wide range of applications \[[@r16]-[@r20]\]. Electrospinning is a simple and versatile technique for the production of fibrous scaffolds with diameters from submicron down to nanometer scale. Under the application of a high voltage electric field, electrospun nonwoven matrices can be produced through electrically charged jets of polymer solution or melts on rotary or stationary collectors \[[@r21]-[@r23]\]. A broad spectrum of biocompatible and biodegradable natural or synthetic polymers can be used for the generation of tailor-made fibrous scaffolds with tunable morphology, high surface-to-volume area, high porosity and small pore size. Such electrospun nonwovens, possessing favorable micromechanical properties, can serve as filtration, sensor or energy storage media and may find applications in the biomedical sector as drug release, wound healing and tissue engineering systems \[[@r24]-[@r26]\]. In the field of drug delivery, electrospinning has received attention due to its ability to produce drug-loaded fibers with high loading capacity and high encapsulation efficiency \[[@r27]-[@r29]\]. Especially in oral drug delivery systems, electrospun nanofibers have been successfully used for the sustained and controlled release of various incorporated drugs, achieving desirable release profiles \[[@r30]\]. Electrospun nanofibers can be easily subjected to modifications for fine tuning of their release characteristics. Depending on the selected systems of natural and synthetic biodegradable polymers \[[@r15], [@r31]-[@r34]\] and the electrospinning parameters, nanofibrous systems can be designed to provide rapid, immediate, delayed or modified dissolution profiles \[[@r35], [@r36]\].

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Polyvinylpyrrolidone (PVP) (Mw 1,300,000), cellulose acetate (CA) (Mw 50,000), hypromellose 2910 (HPMC), polyethylene oxide (PEO) (Mw 900,000 and Mw 400,000), acetone, ethanol (EtOH), and dichloromethane (DCM) were obtained from Sigma--Aldrich (Darmstadt, Germany). Melatonin (MLT) (lot 402HH-IT) was purchased from the Tokyo Chemical Industry (Tokyo, Japan). All chemicals were of reagent grade and used directly without further purification.

2.2. Electrospinning {#sec2.2}
--------------------

All spinning solutions were prepared at room temperature under stirring for 24 h to ensure their homogeneity. Electrospinning was conducted using a *γ*-High Voltage Research DC power supply generator (Gamma High Voltage Research, Ormond Beach, FL, USA) with a maximum voltage of 50 kV. The polymer solutions were loaded into 10-mL disposable syringes fitted with 23G tip-ground-to-flat needles, which were mounted on a horizontally positioned Harvard PHD 2000 programmable syringe pump (Harvard Apparatus, Holliston, MA, USA). The produced nanofibers were deposited on aluminum foil wrapped on an RC-6000 (NaBond Technologies, Hong Kong) rotating drum collector at a rotation speed of 400 rpm. Temperature and relative humidity were 20±2°C and 60±5%, respectively.

2.3. Preparation of CA-MLT Fiber Mats {#sec2.3}
-------------------------------------

Spinning solutions were prepared by dissolving CA at a concentration of 10% w/v in acetone. Subsequently, MLT was added to the polymer solutions in concentrations of 1.01% and 2.04% w/w (weight to polymer weight) to afford fiber mats with 1% and 2% w/w total concentration of MLT (CA1 and CA2, respectively). Applied voltage, tip-to-collector distance and solution feeding rate were fixed at 20 kV, 10 cm and 1 mL/h, respectively.

2.4. Preparation of PVP-MLT Fiber Mats {#sec2.4}
--------------------------------------

The spinning solution was prepared by dissolving PVP at a concentration of 10% w/v in EtOH. Subsequently, MLT was added to the polymer solution in the concentration of 1.01% w/w (weight to polymer weight) to afford fiber mats with 1% w/w total concentration of MLT (PV1). Applied voltage, tip-to-collector distance and solution feeding rate were fixed at 20 kV, 10 cm and 1 mL/h, respectively.

2.5. Preparation of HPMC(PEO)-MLT Fiber Mats {#sec2.5}
--------------------------------------------

Spinning solutions were prepared by dissolving HPMC at a concentration of 1% w/v in a solvent system of EtOH:DCM (1:1). PEO of different molecular weight (Mw 900,000 and Mw 400,000) was added to each spinning solution at 0.05% w/v in order to facilitate the electrospinning of HPMC (ratio of HPMC to PEO 20:1). Subsequently, MLT was added to the polymer solutions in the concentration of 1.01% w/w (weight to polymer weight) to afford fiber mats with 1% w/w total concentration of MLT (HP1 and HP2, respectively). Applied voltage, tip-to-collector distance and solution feeding rate were fixed at 20 kV, 20 cm and 0.5 mL/h, respectively.

2.6. Preparation of CA/PVP-MLT Fiber Mats {#sec2.6}
-----------------------------------------

Spinning solutions were prepared by dissolving CA at a concentration of 10% w/v in acetone and PVP at a concentration of 10% w/v in EtOH. Subsequently, MLT was added to polymer solutions in concentrations of 1.51%, 1.01%, 0.5% and 0% w/w (weight to polymer weight). For the blended fiber mats, electrospinning was conducted with the syringe needles mounted on an antiparallel set up to ensure a homogeneous blending of the CA and PVP polymer fibers. The polymer solutions of CA and PVP were co-spun in five combinations to afford blended fiber matrices with 1% w/w total concentration of MLT, distributed in different ratios into each polymer of the blended matrices (ratio of MLT in the blended fiber mats of CA to PVP 1:1, 3:1, 1:3 1:0 and 0:1 for the CAPV1, CAPV2, CAPV3, CAPV4 and CAPV5, respectively). Applied voltage, tip-to-collector distance and solution feeding rate were fixed at 20 kV, 10 cm and 1 mL/h, respectively.

2.7. Characterization {#sec2.7}
---------------------

A PhenomWorld desktop scanning electron microscope (SEM - Eindhoven, The Netherlands) with tungsten filament (10 kV) and charge reduction sample holder was used for SEM analyses of the nanofibers. The diameters of 100 fibers from each SEM image were measured using the embedded image analysis software (Phenom Pro Suite/Fibermetric) and the average fiber diameter was determined. The obtained fiber mats were extracted with EtOH and the recovered residues were analyzed by ^1^H NMR spectroscopy on a Bruker DRX 400 MHz spectrometer to evaluate the chemical integrity of MLT after electrospinning.

2.8. Preparation of Formulations and Dissolution Tests {#sec2.8}
------------------------------------------------------

Nanofibers (100 mg) (Table **[1](#T1){ref-type="table"}**) were inserted to hard gelatin capsules (Syndesmos SA, Athens, Greece) or DRcaps^TM^ (Capsugel, Colmar, France) capsules No. 0. The *in vitro* dissolution tests of these capsules were performed using a USP Apparatus I (basket method) in triplicate. The concentration of MLT in the dissolution medium was measured at 278 nm by using a UV-Vis spectrophotometer. The dissolution medium was 450 ml of buffer solution (pH 1.2 or 6.8) maintained at 37 ± 0.5^o^C as described in the USP 28. The basket rotation speed was set at 50 rpm. The samples were collected at predetermined time intervals and replaced with an equal volume of fresh medium at each time point.

3. Results and discussion {#sec3}
=========================

In the present study, MLT is reported for the first time to be successfully incorporated in micro/nanofiber nonwovens. The chemical integrity of MLT, following the electrospinning process under the specific conditions, was confirmed by ^1^H NMR spectroscopy of the recovered residues following extraction of the obtained fiber mats.

Analysis of the SEM images revealed the morphological characteristics of the produced micro/nanofibrous matrices. In all cases, uniform fiber mats were produced from all systems with well-shaped fibers without the presence of beads. The diameter distribution and the average diameter of the fibers for the different systems are shown in [Figs. (**1**](#F1){ref-type="fig"} and [**2**](#F2){ref-type="fig"}).

In the case of CA-MLT fiber mats, ribbon-like shaped fibers were obtained with broad diameter distribution in the nano-micro scale. The different loading amount of MLT did not affect the morphology nor the size of the produced fibers. In CA1 mats, fiber diameters ranged from 689 nm to 6 *μ*m, with an average diameter of 3 ± 0.67 *μ*m, whereas in CA2 mats, fibers were measured from 637 nm to 5.8 *μ*m, with an average diameter of 2.9 ± 0.62 *μ*m. The produced PV1 fiber mats consisted of smooth fibers of cylindrical shape with diameters ranging from 110 to 990 nm and an average diameter of 689 ± 164 nm. Uniform, cylindrical fibers were also observed in both systems of HPMC(PEO)-MLT fiber mats (HP1 and HP2). The different molecular weights of PEO in the HP1 and HP2 did not result in significant differences in the average diameters of the two systems. In HP1 mats, fiber diameters ranged from 35 to 382 nm, with an average diameter 244 ± 70 nm. Similarly, the fibers of HP2 mats ranged from 50 to 413 nm, with an average diameter of 243 ± 81 nm (Fig. **[1](#F1){ref-type="fig"}**).

SEM observations of the blended mats of CA and PVP revealed the successful blending of the two polymers, as deciphered by the discrete presence of both the ribbon-like fibers of CA and the cylindrical fibers of PVP. In all systems, the diameters of the blended fibers were measured in a similar size range, from 430 nm to 3.7 *μ*m, with an average diameter of 1.9 ± 0.44 *μ*m for the CAPV1 system, 284 nm to 4.3 *μ*m, with an average diameter of 1.7 ± 0.47 *μ*m for the CAPV2 system, 336 nm to 4.6 *μ*m, with an average diameter of 1.8 ± 0.44 *μ*m for the CAPV3 system, 386 nm to 3.4 *μ*m, with an average diameter of 1.9 ± 0.43 *μ*m for the CAPV4 system and 325 nm to 5.2 *μ*m, with an average diameter of 1.8 ± 0.42 *μ*m for the CAPV5 system (Fig. **[2](#F2){ref-type="fig"}**).

The developed nanofibrous systems were incorporated in both hard gelatin and DRcaps^TM^ capsules and the *in vitro* dissolution of MLT was studied. The release profiles of MLT from the hard gelatin capsules at pH 1.2 are depicted in Figs. (**[3a](#F3){ref-type="fig"}** and **[3b](#F3){ref-type="fig"}**) and at pH 6.8 in Figs. (**[3c](#F3){ref-type="fig"}** and **[3d](#F3){ref-type="fig"}**), whereas the release profiles of MLT from the DRcaps^TM^ capsules at pH 6.8 are shown in Figs. (**[3e](#F3){ref-type="fig"}** and **[3f](#F3){ref-type="fig"}**).

The release of MLT at pH 1.2 from CA-MLT nanofibers depended on its quantity in the nanofiber matrix. Doubling the amount of MLT (from 1 to 2 mg) led to a substantial release increase (70.74% to 94.43%) in the same time period (30 min) (Fig. **[3a](#F3){ref-type="fig"}**). This difference in the percentage of released MLT is in agreement with the Higuchi equation, a theoretical model for studying the release of water-soluble and poorly soluble drugs from a variety of matrices, including semisolids and solids \[[@r37]\] (Eq. 1).

Q=(2ADC~s~t)^1/2^ (1)

where, Q is the amount of drug per unit area released from a formulation system at time t; Cs is the solubility or saturation concentration of drug in the matrix; A is the total concentration (amount per unit volume), dissolved and undissolved, of drug in the matrix; D the diffusion coefficient of the drug in the matrix.

When PVP was used for the preparation of the nanofiber matrix, the release of MLT (1 mg) reached 94.43% in 30 min at pH 1.2 (Fig. **[3a](#F3){ref-type="fig"}**). The enhanced release of MLT in this case, compared to the CA1 formulation system (70.74%), can be attributed to the conversion of PVP (**II**) to the *gem*-diol (**III**) (Fig. **[4](#F4){ref-type="fig"}**), at pH 1.2 \[[@r12]\]. The -OHs of **III** participate in H-bond formation with MLT's C5-oxygen atom and the NHCOCH~3~ group, thus facilitating its aqueous solubility. Interestingly, the release of melatonin at pH 1.2 from HP1 nanofibers follows an analogous pattern to the CA-based formulations. In the case of HP2 mats, MLT is released in higher quantity (87.59%) than from the HP1 system (65.76%) (Fig. **[3a](#F3){ref-type="fig"}**). This difference in the percentage of released MLT is possibly due to the intrinsic poor aqueous solubility of PEO \[[@r38]\], which decreases as its molecular weight increases. These findings correlate well with the average fiber diameters. With the exception of HP1, the lower the fiber diameter, the higher the release (%) of MLT (PV1 and HP2 versus CA1) \[[@r39]\].

When mixtures of CA and PVP were used for the preparation of MLT containing electrospun nanofibers, the release of MLT at pH 1.2, in the case of formulation CAPV4 (MLT is present in the CA fibers), reached 100% at t = 30 min (Fig. **[3b](#F3){ref-type="fig"}**). Likewise, MLT's release from the CAPV5 formulation (MLT is present only in the PVP fibers), reached 90.55%, at t= 30 min (Fig. **[3b](#F3){ref-type="fig"}**). It seems that in these cases, the release of MLT is independent of its sole presence in either the CA or the PVP fibers. These findings are corroborated by the average diameter of these systems determined by SEM (formulation CAPV4: 1.9 *μ*m; formulation CAPV5: 1.8 *μ*m, Fig. **[2](#F2){ref-type="fig"}**). This trend in the release of MLT was seen in almost all the CA/PVP-MLT composites compared to the respective CA formulations, where CA was the only polymer of the nanofiber mats. This can be attributed to the fact that PVP, as already mentioned, enhances the dissolution of MLT at pH 1.2, due to its conversion to the *gem*-diol form **III** (Fig. **[4](#F4){ref-type="fig"}**).

At pH 6.8 the release profile of MLT from CA1 and CA2 formulations was analogous to that observed in the corresponding cases at pH 1.2. The release of MLT at pH 6.8 from formulations CA1 and PV1 follows initially (30 min) the same pattern (Fig. **[3c](#F3){ref-type="fig"}**). At t \> 30 min, the release of MLT from PV1 nanofibers becomes faster, compared to CA1, possibly due to the fact that the average diameter in the former case is much smaller (PV1: 689 nm; CA1: 3 *μ*m, Fig. **[1](#F1){ref-type="fig"}**) resulting to a higher S/V ratio (surface area / volume) and thus to a dissolution rate increase \[[@r40], [@r41]\]. In general, at pH 6.8, MLT is released slower from the CA-MLT and PVP-MLT formulations than from the CA/PVP-MLT composite formulations, at t = 30 min (Fig. **[3c](#F3){ref-type="fig"}** and **[3d](#F3){ref-type="fig"}**).

The release of MLT from the developed systems incorporated in DRcaps^TM^ capsules, resembles, in general, the profile seen when hard gelatin capsules with the respective nanofiber mats were used (Fig. **[3e](#F3){ref-type="fig"}** and **[3f](#F3){ref-type="fig"}**). The differences noticed, in this case, in the %release of MLT with respect to time, are due to the lag period. The DRcaps^TM^ capsules dissolve slower because of the different material used for their preparation, compared to that employed in the formation of hard gelatin capsules. DRcaps^TM^ capsules, made with an innovative hypromellose (HPMC) formulation, a gelling agent (Gellan gum) and water, are known to display delayed release, which occurs at about 20 min after the onset of release in the intestine \[[@r42], [@r43]\].

Conclusion
==========

This is the first report on the preparation and characterization of MLT-loaded nanofibrous systems based on CA, PVP and HPMC. The electrospun nanofiber mats, loaded in hard gelatin capsules, exhibited variable MLT release in the gastric-like fluids, ranging from 30 min (PV1 and HP2) to 120 min (CAPV1 and CAPV2). In contrast, formulations in DRcaps^TM^ capsules filled with HP2 and CAPV3 nanofiber matrices delivered MLT at a slower pace (6 h). Thus, it becomes apparent that nanofibrous matrices loaded with MLT have a significant potential for the development of tailor-made systems for treating sleep dysfunctions.
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###### 

Formulants' (%) in encapsulated fiber mats (values in mg). The amount of MLT dissolved in each polymer solution is given in parenthesis.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Fiber Mat Formulation**   **CA1**         **CA2**         **PV1**         **HP1**         **HP2**         **CAPV1**         **CAPV2**          **CAPV3**          **CAPV4**       **CAPV5**
  --------------------------- --------------- --------------- --------------- --------------- --------------- ----------------- ------------------ ------------------ --------------- ---------------
  MLT                         1               2               1               1               1               1                 1                  1                  1               1

  CA                          99.0\           98.0\           \-              \-              \-              49.5\             49.5\              49.5\              49.5\           49.5\
                              (1 mg of MLT)   (2 mg of MLT)                                                   (0.5 mg of MLT)   (0.75mg of MLT)    (0.25 mg of MLT)   (1 mg of MLT)   (0 mg of MLT)

  PVP                         \-              \-              99.0\           \-              \-              49.5\             49.5\              49.5\              49.5\           49.5\
                                                              (1 mg of MLT)                                   (0.5 mg of MLT)   (0.25 mg of MLT)   (0.75 mg of MLT)   (0 mg of MLT)   (1 mg of MLT)

  HPMC 2910                   \-              \-              \-              94.05\          94.05\          \-                \-                 \-                 \-              \-
                                                                              (1 mg of MLT)   (1 mg of MLT)                                                                           

  PEO\                        \-              \-              \-              4.95\           \-              \-                \-                 \-                 \-              \-
  (MW 900,000)                                                                (0 mg of MLT)                                                                                           

  PEO\                        \-              \-              \-              \-              4.95\           \-                \-                 \-                 \-              \-
  (MW 400,000)                                                                                (0 mg of MLT)                                                                           

  Total                       100             100             100             100             100             100               100                100                100             100
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
